In this paper, a balanced phase shifter using cascaded three microstirp lines and two coupled lines is proposed. The reference line is fixed without center delay line. With such configuration, wideband differential-mode (DM) phase shift can be achieved. The coupled line and half-wavelength microstrip line provide the out-of-band and in-band common-mode (CM) suppression, respectively. Compared with the state-of-the-art balanced phase shifters, the proposed balanced phase shifter has the advantages of wideband CM suppression and compact size with simple structure and fixed reference line. Theoretic analysis, parametric study and design procedure are carried out completely. To verify the theoretic prediction, two prototypes covering the frequency of 1.8 GHz are designed with the relative operating bandwidth for 45 • ± 2.1 • (90 • ± 3.7 • ) phase shifter of 50% (53%), with the minimum return loss better than 14.7 dB, and the relative CM suppression bandwidth better than 150%.
I. INTRODUCTION
Phase shifter plays an important role in wireless communication system such as phased arrays, beamforming networks, and antenna feed networks. Compared with the singleended phase shifter, balanced phase shifter has immunity to environmental noise and electromagnetic interference in addition to DM phase shift, which make the balanced phase shifter become a hot topic in the field of phase shifters. The design challenges for balanced phase shifter are compact size and wideband CM suppression while maintaining wideband phase shift.
Various microwave phase shifters have been reported, but most of them are single-ended designs. Among them, a few designs [1] , [2] utilize different reference lines for different phase shifts, which results in complex system configuration. The phase shifters [3] - [19] with fixed reference line for different phase shifts have simple system configuration. Then, the size of the phase shifter itself becomes important. Some single-ended phase shifters utilizing stub-loaded lines [3] - [5] or multimode resonators [6] - [8] achieve narrow band or wideband phase shift but with large circuit size The associate editor coordinating the review of this manuscript and approving it for publication was Dušan Grujić . because of the extra stubs or large size of the resonators. Some designs can reduce the circuit size to a certain degree such as the phase shifters using Schiffman structure [9] - [11] , high/low impedances technique [12] , [13] , coupled U-shaped resonators [14] , or self-coupled and broadside-coupled lines [15] . Some designs can greatly reduce the size of the phase shifters by using all lumped-elements structure [16] , coupled lines with lumped-elements [17] , [18] , or multisection coupled lines [19] .
There are only a few balanced phase shifters [20] - [23] having been reported. In [20] , CM and DM operations of the loaded-line balanced phase shifter are both for different phase shifts so that CM suppression cannot be achieved. In [21] , [22] , a single coupled line with a centerloaded line or multi coupled lines with a center-loaded line are utilized to balanced phase shifter with wide bandwidth or wide bandwidth with additional filtering function, respectively. However, the reference lines of the balanced phase shifters [21] , [22] with different phase shifts are different. In [23] , multi-order structures with half-wavelength and quarter-wavelength branches are utilized to obtain wide phase shift range and the function of filtering with fixed reference line. CM suppression can all be achieved in [21] - [23] because of the symmetric feature along the centers of the balanced ports, but this symmetric feature is also the reason for the large circuit size. The bandwidth for 15-dB CM suppression reaches 104%.
In this paper, cascaded microstirp lines and coupled lines are utilized to achieve a balanced phase shifter with CM suppression. Compact size can be achieved in both system level and single circuit because the reference line is fixed for different phase shifts and the circuit has no requirement of two circuit parts to be symmetric to the center line of the balanced ports. Microwave network analysis method is utilized to carry out the theoretical analysis. Parametric study and detailed design procedure are summarized to guide the practical design. Two prototypes are designed, fabricated and measured. The measured performance is compared with the state-of-the-art designs. Fig. 1 shows the circuit model of the proposed balanced phase shifter, which is suitable for both main line and reference line. This circuit model consists of two half-wavelength microstrip lines (ML1 and ML2) at two sides, two quarter-wavelength coupled lines (CL1 and CL2), one delay line (ML3) at the center and two pairs of balanced port A (ports 1 and 2) and port B (ports 3 and 4) connected with ML1 and ML2. Z 1 and θ 1 are the characteristic impedance and the electrical length of ML1 (or ML2), respectively, and θ 1 is 180 • at the central frequency (f 0 ). Z 2 and θ 2 are the characteristic impedance and the electrical length of ML3, respectively, and θ 2 = 0 • for the reference line. Z 0o , Z 0e and θ 3 are the odd-, even-mode impedance and electrical length of CL1 (or CL2), respectively, and θ 3 is 90 • at f 0 . For the proposed balanced phase shifter, the reference line is fixed for the main lines with different phase shifts.
II. THEORETICAL ANALYSIS

A. NETWORK ANALYSIS
To obtain the DM and CM performances of the proposed balanced phase shifter, the DM and CM S-parameters must be calculated. Therefore, the conversion relationship between the DM and CM S-parameters and the standard S-parameter should be given and can be written as [24] 
The standard S-parameters in equation (1) can be calculated from the two-port networks in Fig. 2 , which are obtained by replacing the other two ports with two resistors with the resistance of Z 0 , where Z 0 is the port impedance. The ABCD matrixes of the lines ML1, ML2, ML3, CL1 and CL2, which will be utilized in all the two-port networks, are given first. They can be described as
Thus, the ABCD matrix between ports 1 and 2 can be written as
where
is the reflection coefficient of Part 1 in Fig. 2 (a) at Point P. can be calculated from the relationship between the VOLUME 7, 2019 S-parameters and ABCD parameters [25] of Part 1 and the ABCD matrix of Part 1 can be given by
The ABCD matrix between ports 1 and 2 can be obtained by equations (2)-(5). Thus, S 11 , S 12 , S 21 and S 22 can be derived from the relationship between the S-parameters and ABCD parameters between ports 1 and 2. The ABCD matrix between ports 1 and 3 can be calculated from the circuit model in Fig. 2 (b) and can be shown as
Then, S 31 can be obtained according to the relationship between the S-parameters and ABCD parameters between ports 1 and 3. Similarly, S 41 can be achieved by ABCD matrix of the circuit model in Fig. 2(c) , and the ABCD matrix can be expressed as
S 32 can be obtained by ABCD matrix of the circuit model in Fig. 2(d) , and the ABCD matrix can be exhibited as
S 42 can be got from ABCD matrix of the circuit model in Fig. 2 (e), and the ABCD matrix can be given by
Therefore, S ddAA , S ddBA , S ccAA , and S ccBA can be obtained by substituting S 11 , S 12 , S 21 , S 22 , S 31 , S 41 , S 32 and S 42 into equation (1) . For the phase shift between the proposed main line and reference line, it is defined as
Furthermore, at f 0 can be expressed as
Because θ 2_r is 0 • at f 0 , where θ 2_m and θ 2_r are the electrical lengths of ML 3 for the main line and the reference line at f 0 , respectively.
B. THEORETICAL ANALYSIS ON DM IMPEDANCE MATCHING BANDWIDTH
The bandwidth for DM impedance matching is related to Z 0e , Z 0o , Z 1 , and Z 2 according to equations (1)-(11), while θ 1 , θ 3 , θ 2_r and θ 2_m at f 0 have given. Fig. 3 Taken the main line of 45 • phase shifter as an example to explain how to get the point of the curves in Fig. 3(a) . Step 1, θ 2 = 45 • at f 0 according to equation (13) .
Step 2, select a value from horizontal coordinate of Fig. 3 (a) (e.g., Z 2 = 20 ). Step 3, plot a curve of theoretic return loss under the constraint condition of selected arbitrary values of Z 0e /Z 0o , Z 0e * Z 0o and Z 1 (e.g. Z 0e /Z 0o = 2.5, Z 0e * Z 0o = 2177.1 2 and Z 1 = 22.45 ).
Step 4, check whether return loss at f 0 is smaller than 15 dB and calculate the bandwidth for 15-dB DM impedance matching. If return loss at f 0 is larger than 15 dB, the bandwidth for 15-dB DM impedance matching can be calculated by (f 2f 1 )/f 0 , where f 1 and f 2 are the first frequencies with 15-dB return loss at the lower and upper sides of f 0 , respectively. If return loss at f 0 is smaller than 15 dB, the bandwidth for 15-dB DM impedance matching is set to 0.
Step 5, get the bandwidth for 15-dB DM impedance matching (e.g., 48.5%) and draw a point in Fig. 3(a) .
It can be seen from Fig. 3 (a) that wide bandwidth for DM impedance matching can be both obtained for the main lines of 45 • and 90 • phase shifters when Z 2 is relatively small, around 22 . Furthermore, the bandwidth for the main line of 90 • phase shifter is wider than that of the main line of 45 • phase shifter because the bandwidth increases with θ 2_m . Fig. 3(b) exhibits the theoretic variation of bandwidth for 15-dB DM impedance matching with Z 1 at different Z oe /Z oo . The curves in Fig. 3 (b) can be obtained using the similar method used in Fig. 3 It can be seen from Fig. 3(b) that the bandwidth for 15-dB DM impedance matching increases first and then decreases when Z 1 increases for both the reference line and the main lines of 45 • and 90 • phase shifters. Meanwhile, the bandwidth increases with Z 0e /Z 0o when Z 0e /Z 0o takes a certain range for the reference line and the main line of 45 • phase shifter. But for the main line of 90 • phase shifter, the bandwidth will decrease with Z 0e /Z 0o when Z 1 is smaller than 35 , increases first then decreases with Z 0e /Z 0o if Z 1 is between 35 and 40 and increases with Z 0e /Z 0o after Z 1 is larger than 40 .
C. THEORETICAL ANALYSIS ON CM SUPPRESSION BANDWIDTH
The CM suppression inside the DM operating bandwidth is achieved by the half-wavelength microstrip line because the CM signal will be cancelled with each other when the phase difference is about 180 • . The CM suppression outside the DM operating bandwidth is provided by the coupled lines because the coupled lines just pass the signals when the electric length of the coupled is close to 90 • . Therefore, the minimum CM suppression will appear near the edges of the DM operating bandwidth. Thus, the bandwidth for 15-dB CM suppression will cover the whole frequency range of observation if this minimum value is larger than 15 dB.
The variation of the calculated bandwidth for 15-dB CM suppression based on equations (1)-(11) is exhibited in Fig. 4 . The curves in Fig. 4 can be obtained using the similar method used in Fig. 3 , where the difference is that the return loss is replaced by the CM suppression. Fig. 4(a) shows that the bandwidth increases with Z 2 for the main lines of 45 • and 90 • phase shifters. In addition, the bandwidth for the main line of 45 • phase shifter is wider than that of the main line of 90 • phase shifter. Fig. 4(b) exhibits that the bandwidths for the main lines of 45 • and 90 • phase shifters decrease with the increase of Z 1 but the reference line has constant bandwidth (150%). This is because the CM suppression of the reference line is larger than 15 dB in the whole frequency range, while the CM suppression of the main lines is slightly smaller than 15 dB at the edges of the DM operating bandwidth. Meanwhile, the bandwidth almost keeps constant when changing Z 0e /Z 0o . Fig. 5 shows the theoretic variation rules of the calculated bandwidth for DM phase shift based on equations (1)-(12) withZ 0e , Z 0o , Z 1 , and Z 2 , where the bandwidth for DM phase shift should satisfy the maximum phase deviation doesn't exceed 5%.
D. THEORETICAL ANALYSIS ON DM PHASE SHIFT BANDWIDTH
The curves in Fig. 5(a) can be obtained by the similar method in Fig. 3 (a) , where the differences are Steps 3 and 4. In Step 3, plot a curve of theoretic DM phase shift according to equation (12) under the constraint condition of the selected arbitrary values of Z 0e /Z 0o , Z 0e * Z 0o and Z 1 (e.g. Z 0e /Z 0o = 2.5, Z 0e * Z 0o = 2177.1 2 and Z 1 = 22.45 ). In step 4, check whether the maximum phase deviation at f 0 is larger than 5% and calculate the bandwidth for phase shift. If maximum phase deviation at f 0 is smaller than 5%, the bandwidth for DM phase shift can be calculated by (f p2f p1 )/f 0 , where f p1 and f p2 are the first frequencies with phase deviation of 5% at the lower and upper sides of f 0 , respectively. If the maximum phase deviation at f 0 is larger than 5%, the bandwidth for DM phase shift is set to 0. Fig. 5(a) shows that the bandwidths of 45 • and 90 • phase shifters both decrease with Z 2 and the bandwidth of 45 • phase shifter drops to 0 when Z 2 is larger than 40 . The bandwidth of 90 • phase shifter is wider than that of the 45 • phase shifter.
The curves in Fig. 5(b) can be obtained using the similar method used in Fig. 5(a) but with different Step 3. In Step 3, the constraint condition of selected arbitrary values should be Z 2 and Z 0e * Z 0o (e.g. 22.5 and 2177.1 2 for the main line of 45 • phase shifter). Fig. 5(b) exhibits that the bandwidth for DM phase shift of 45 • phase shifter increases to its maximum value and then slightly changes when increasing Z 1 , while the bandwidth for DM phase shift of 90 • phase shifter increases rapidly with Z 1 and then slightly changes. Meanwhile, the bandwidth for 45 • phase shifter increases first then decreases with the increase of Z 0e /Z 0o , while for 90 • phase shifters, the bandwidth increases with Z 0e /Z 0o if Z 1 is smaller than 35 and increases first then decreases after Z 1 is larger than 35 .
E. PARAMETRIC STUDY
To further clarify the performance variation of the proposed balanced phase shifter, the parametric study of the crucial parameters of the circuit layout should be given. The 90 • phase shifter is taken as an example. Fig. 6 exhibits the layout of the proposed balanced phase shifter, which is designed on the substrate of RO4003C (the dielectric constant of 3.38, loss tangent of 0.0027, and h = 0.813 mm). The software for full-wave simulation is Ansoft High Frequency Structure Simulated (HFSS). Fig. 7 shows the simulated DM, CM and phase shift responses of the proposed design with different l 3 , w 1 , w 2 , s and w 3 under the condition of 90 • phase shifter. Fig. 7(a) shows the phase shift responses with different l 3 . It can be seen from Fig. 7(a) that the phase shift inside the operating frequency range increases smoothly with l 3 , which is consistent with equation (13) . Therefore, l 3 can be obtained when the phase shift at f 0 is around 90 • . Figs. 7(b) and 7(c) exhibit the DM, CM and phase shift responses with different w 1 . The impedance matching gets better first and then worse when w 1 increases. The phase shift inside the operating bandwidth tilts upward with the increase of w 1 , and the phase shift at f 0 increases with w 1 , which is similar to the variation rules in Figs. 3(b) and 5(b). Therefore, w 1 can be utilized to optimize the bandwidth of impedance matching and phase shift. According to the network analysis, theoretical bandwidth analysis and parametric study, the design procedure of the proposed balanced phase shifter is summarized as follows:
1) θ 1 = 180 • , θ 3 = 90 • , and θ 2_r = 0 • at f 0 , respectively. The initial θ 2_m equals to the phase shift of the design. 2) The initial characteristic impedances of the reference line (Z 0e_r , Z 0o_r , and Z 1_r ) are selected to obtain the maximum bandwidths for 15-dB DM impedance matching in Fig. 3(b) .
3) The initial Z 2 can be mainly obtained according to variation rules in Fig. 3 Fig. 7 .
III. IMPLEMENTATION AND RESULTS
Two prototypes of the balanced 45 • and 90 • phase shifters are designed, fabricated, and measured to verify the theoretic prediction. The initial parameters of the two prototypes are given in Table 1 according to the first four steps of the design procedure. The final dimensions of the two prototypes are given in Table 2 according to the final step of the design procedure. Fig. 8 shows the photograph of the proposed balanced 45 • and 90 • phase shifters. The feed lines of the phase shifter can be folded to adjust the distance between the two ports of the balanced port. The measurement results are obtained by the four-port Keysight N5230 vector network analyzer. Figs. 9-11 show the simulated and measured results of the balanced 45 • and 90 • phase shifters. For the reference line, the measured DM response of 14.7-dB return loss is from 1.3 GHz to 2.3 GHz or 55.6% with the minimum insertion loss of 1 dB and 15-dB CM suppression of 150%. The measured bandwidth of 14.7-dB return loss for the main line of 45 • phase shifter is from 1.31 GHz to 2.49 GHz or 65.6% with its minimum insertion loss of 1 dB and 15-dB CM suppression of 150%. The measured bandwidth of 14.7-dB return loss for 90 • phase shifter is from 1.17 GHz to 2.39 GHz or 67.8% with its minimum insertion loss of 1.1 dB and 15-dB CM suppression of 150%. The phase shift bandwidth for 45 • ± 2.1 • of 45 • phase shifter is from 1.31 GHz to 2.21 GHz or 50%. The phase shift bandwidth for 90 • ± 3.7 • of 90 • phase shifter is from 1.33 GHz to 2.28 GHz or 53%. The measured results agree well with the simulated ones. The measured bandwidth for CM suppression is wider than the theoretic ones in Fig. 4(b) for the main line of 45 • and 90 • phase shifters because the measured CM suppression near the edges of the DM operating bandwidth is above 15 dB, which is 1.6 dB higher than the theoretic value. The simulated maximum |S dc21 | and |S cd21 | of the reference line, the main line of 45 • phase shifter and the main line of 90 • phase shifter are all around −10 dB. Table 3 shows the performances of the proposed balanced phase shifter and the state-of-the-art designs. Compared with the reported single-ended phase shifters, the proposed design has CM suppression in addition to DM phase shift, and the size is more compact than that of most of the single-ended designs. Compared with the balanced phase shifter [21] , the proposed design exhibits the features of wideband CM suppression, single-layer design, and fixed reference line. Compared with the balanced phase shifters [22] , [23] , the proposed design shows the advantages of wideband CM suppression, compact size with simple structure and fixed reference line.
IV. CONCLUSION
A balanced phase shifter with cascaded microstrip lines and coupled lines is proposed. The feature of wide bandwidth is achieved with the advantages of wideband CM suppression and compact size with simple structure and fixed reference line. Theoretic analysis, parametric study and design procedure have been summarized to guide the design. VOLUME 7, 2019 Two prototypes with phase shift of 45 • and 90 • are demonstrated. The measured results of the prototypes correspond to the theoretic prediction. Such kind of compact balanced phase shifter will be able to promote the development of balanced microwave systems.
